Over the centuries when Europeans colonised large swathes of the other continents, displacing indigenous populations and introducing the agricultural technology that would eventually feed a much denser population, they justified this with the narrative of progress and efficiency. As agriculture enriches the biomass in the species we can safely eat, it can feed 10-100fold more people per hectare than bison hunting, so European settlers displaced Native Americans, or so the justifications went.
Guns, germs and steel, the drivers of world history lined up in the title of Jared Diamond's famous book, have helped to secure the victory of food-producers over foragers. The flexible morals of Europeans who didn't accord human rights to perceived 'savages' also made it easier to impinge on their livelihoods and plough them out of business.
However, these considerations cannot have applied the first time when foraging and farming lifestyles began to compete against each other, after humans first started cultivating cereals some 12,000 years ago. If you can harvest the fruit of the forests and hunt the steak for your barbecue, why would you toil the earth to produce food that you may or may not get the chance to eat months later? What could have motivated foragers in the Fertile Crescent to invest hard work into unproven farming methods, and to gradually shift from foraging to food production?
Mutual domestication
The archaeological evidence that has accumulated so far suggests that the introduction of farming wasn't a straightforward technological revolution driven by key inventions like the introduction of steam engines or airplanes. While the efficiency per hectare improved dramatically, the efficiency per person certainly did not, as Samuel Bowles from the Santa Fe Institute (New Mexico, USA) has calculated (Proc. Natl. Acad. Sci. USA (2011) 108, 4760-4765) . Although, as Bowles admits, there are large uncertainties in such estimates, his average result suggests farmers produced only around 3/5 as many calories per work hour as foragers. Considering error margins, that result includes the possibility that both efficiencies were roughly equal, but it rules out a definite advantage for farming. Earlier work had also shown that the first farmers were less healthy and less well-nourished than their foraging contemporaries.
The picture that emerges from many studies is one of co-evolution, of a confluence of various developments that catalysed each other. The foragers who -from our perspective-'domesticated' barley in the Fertile Crescent, around ten millennia ago, certainly didn't hatch a plan to tame that wild plant species and to sow vast fields with it. More likely, they brought it home Feature from their foraging tours and found that they could store it for a few months, to fill gaps in the foraging calendar. The idea of cultivating crops may have struck them after accidental seeding from spillage. Like animals and plants co-evolve strategies that help both feed the animal and disperse the plant's seed, humans and their first crops appear to have helped and tamed each other. From the human side, there may have been no conscious effort beyond picking the grains they liked best and taking them home. Once edible plants grew in their back yard, humans may have started thinking of it as their garden or field and adapted their behaviour such as to be able to look after it.
Similar interdependencies must also have operated between the changing food provision strategy and the structure of society. Together with Jung-Kyoo Choi from the Kyungpook National University in Daegu, South Korea, Bowles has recently studied the interaction between farming and the emergence of private property (Proc. Natl. Acad. Sci. USA (2013) 110, 8830-8835) .
Nomadic hunter-gatherers tend to live in small groups and share out all food as it is acquired. By contrast, motivation for the long-term commitment required to
The transition from foraging to agriculture has shaped the history of humanity, our society, psychology, and even landscapes to this day. Research now shows that this step cannot be attributed to technological progress improving efficiency. Only after millennia of slow changes did the early farmers gain the advantages that enabled them to push aside populations adhering to the earlier hunter-gatherer lifestyles. Michael Gross reports. grow food depends on the certainty that farmers can benefit from the fruit of their labour. One widely used way of linking effort to reward is to install property rights on the land and everything that grows on it. Bowles and Choi argue that it was the co-evolution of food production and property rights -rather than technological progress based on inventions -that secured the success of agriculture in the Fertile Crescent and the small number of other regions where agriculture evolved independently at later times.
The paradoxical evolution of agriculture
To test this hypothesis, Bowles and Choi developed a model that incorporates population dynamics, climate variability, different approaches to food provision, and different approaches to property sharing. Model runs showed that overall the transition to farming is an unlikely one and only succeeds under a small range of conditions. In all successful simulated transitions, the model showed that the property rights among farming populations co-evolved with the introduction of farming methods.
The model correctly replayed the transition timecourse for the Fertile Crescent, where a period of climate stability reduced the risk of harvest losses for farmers around the time when archaeological evidence of farming emerges. In the model, as in the archaeological record, the transition to food production is drawn out over several millennia.
"The social and demographic aspects of farming, rather than its productivity, were essential to its emergence and initial spread," Bowles summarises his insights. "This holds especially for its contribution to a sedentary lifestyle enabling population growth, the emergence of private property in dwellings and stores, and the military force to defend all this."
Archaeological evidence
Excavations at various sites are still providing new evidence on the slow, drawn-out transition towards agriculture. Particular attention is focused on the Fertile Crescent, which yields the earliest evidence of farming. Five separate areas distributed around the crescent from modern-day Israel to the western parts of Iran have known cultivation of crops (barley or wheat) between 11,000 and 11,500 years ago.
In some of these areas, use of wild cereals is evident millennia before their domestication. The key change in domestication involves the fact that the propagation of wild cereals depends on the shattering of the ear, which scatters the seeds to the ground. By cutting cereals from stalks that hadn't scattered their seeds, the pioneers of farming unwittingly applied selection pressure in favour of the non-scattering mutation, which would leave no offspring in the wild. Thus, the onset of domestication of cereals is very easy to explain in Darwinian terms, although its protagonists could not have known what a momentous change they were triggering when they collected cereals the easy way by cutting the stalks, rather than the hard way by picking up the scattered seeds from the ground.
George Willcox and Danielle Stordeur from the CNRS unit Archéorient at Jalès, France, have conducted archaeobotanical studies at the site Jerf el Ahmar in northern Syria, which was occupied between 9500 and 9000 BC (calibrated 14 C dates). The researchers could show that wild barley was processed in large quantities, around 1,000 years before the beginning of systematic cultivation of domestication (Antiquity (2012) 86, 99-114) .
Over the 500 years time span documented at this site, the importance of cereal storage and processing seems to have increased, as witnessed by the emergence of specialised storage rooms and food processing rooms with querns to crush the grains in. In the same settlement, people also processed rye and used its chaff in the mud walls of their buildings. The authors conclude that the increasing emphasis placed on cereal storage and processing will have been accompanied by an increase in social organisation.
Kitchen appliance: Querns like this one were excavated at the Syrian site Jerf el Ahmar, where dedicated rooms often had several of these devices firmly installed side by side. They were used for crushing grains with stones. (Photo: M. Bofill (UAB/SAPPO).)
Cutting cereals: The act of cutting the stalks of cereals and thereby propagating those plants that haven't naturally scattered their seeds to the ground was a key step in the domestication of wheat and barley. This painting from the tomb of a book-keeper for grains at Thebes dates from around 1450 BC (18th dynasty) and shows workers harvesting a wheat field. (Photo: Wikimedia Commons.) "The cereal economy would have been intertwined with the social fabric of village life," they write.
The impact of cereal processing on the nascent organisation of complex society is also obvious in the origins of writing (Curr. Biol. (2012) 22, R981-R984) in the Fertile Crescent. Far from communicating people's innermost thoughts, the earliest examples of writing are book-keeping records documenting amounts of cereal owned and stored, along with food products, such as beer, and devices for food storage and processing.
Simone Riehl and colleagues from the University of Tübingen, Germany, have recently reported a detailed development timeline spanning 2,200 years based on excavations at a single site in modern-day Iran (Science (2013) 341, 65-67). Chogha Golan is located in the foothills of the Zagros mountains, on the eastern edge of the Fertile Crescent, and was occupied between 12,000 and 9,800 years ago.
The clearly stratified material piled up eight metres high and extending over three hectares yielded copious evidence of the gradual transition from the use of wild cereals to cultivation of these species and finally domestication. The inhabitants of that site cultivated the wild predecessors of barley, lentils and peas. Wild wheat gains increasing importance with time, and towards the end of the 22 centuries studied, domesticated emmer makes an appearance.
Comparing the timeline of Chogha Golan with those of other early cultivation sites in the Fertile Crescent suggests that similar events took place nearly simultaneously across the whole of the region. This refutes the interpretation that the cultivation of cereals originated in one place and then spread from there.
From the Fertile Crescent, agricultural practices spread into Europe quite early on, between 6000 and 2000 BC, but details of how early European farmers produced their food have so far remained sketchy. Amy Bogaard from the University of Oxford, collaborating with colleagues from across Europe, has used the study of enrichment of isotopic distributions of nitrogen and carbon to demonstrate that Neolithic farmers in Europe applied manure to their fields -and ate less meat than previously thought. "If people were investing in sophisticated fertilization of their land, as Bogaard and her colleagues show," Bowles commented, "it is highly likely that they had at least informal property rights in the land."
Collagen from human remains is enriched in the rare nitrogen isotope 15 N if the people in question got their protein mainly from meat. However, recent research has shown that applying manure to crops can boost the plants' 15 N count and consequently also that of humans who eat the crops. Bogaard and colleagues analysed the 15 N content of crop samples from 13 Neolithic sites cutting across Europe from Greece to England, with calibrated carbon dates ranging from 5900 to 2400 BC. They found that the early European farmers appear to have applied manure quite generously, producing significant 15 N excesses in their crop plants. The side effect from this finding is the revelation that previous estimates of a high meat content in stone-age Europeans' diet now appears to have been excessive.
While domestication of cereals preceded domestication of livestock in the Fertile Crescent, these results suggest that the agriculture package deal imported into Europe included a tight connection between animal husbandry and crop management. Further isotope studies using 13 C abundance also showed that the farming pioneers watered their fields.
Shaping lifestyles
As agriculture established itself, it shaped both the societies that used it and their relations with the rest of the world. Within each society, egalitarian hunter-gatherer groups gave way to agricultural communities with personal property and specialised roles not involved in food provision, including kings, priests, soldiers -a division of labour that soon led to feudal hierarchies, not to mention wars of conquest and empire-building.
Another important side effect of agriculture was the rise of zoonosesinfectious diseases transferred from the domesticated animals that now lived in close proximity with humans. All of today's 'childhood diseases' are believed to have originated that way and co-evolved with their human hosts to become relatively harmless but stable. Hunter-gatherers, by contrast, didn't have large enough populations for infections to establish a permanent presence and thus led healthier lives. It didn't help them in the long term, however, as exposure to the germs with which the farming community had come to relatively peaceful coexistence often proved devastating for hunter-gatherers that had no immunity to these infections.
On larger geographic scales, agriculture shaped trade routes, colonisation and conquest. The export of wine, followed by the export of winemaking skills appears to have driven the colonisation of Mediterranean shores since the Phoenicians, and a recent paper from Patrick McGovern and colleagues shows that Etruscan wine was imported to the port of Lattara in southern France as early as 400 BC (Proc. Natl. Acad. Sci USA (2013) 110, 10147-10152). The discovery of a wine press at the same site shows that the resident Celts moved on swiftly from importing Etruscan wine to importing the technology and making their own.
More recent instances of agriculture shaping society include slavery in the Americas, where sugar cane was seen as an ideal crop to be harvested by slaves, while other crops, such as tobacco, grown in the same area, required the care of free farmers, much like the cereals of cooler regions. Settlers adjusted their values accordingly, and even Puritans fleeing England in search of freedom became slave holders, as Bowles has outlined in an essay (New Scientist (2011), July 30, 26-27) .
To this day, we find that the sum of the many small actions undertaken to give us our daily bread often add up to unintended consequences that impact our lives in ways neither foreseen nor desired. The introduction of synthetic fertilisers averted global famine but burdened our planet with a doubling of its nitrogen turnover (Curr. Biol. (2012) 22, R1-R4). The arrival of European farming methods in Australia has endangered the health of the coral reefs off its coasts. And the tendency of people to settle close to where their food is produced has led to the paradox that much of the world's most fertile agricultural land is now covered by urbanisation.
Erle Ellis from the University of Maryland at Baltimore, US, and colleagues have recently argued that the impact of land-use on the biosphere hasn't started with the recent advent of tractors and fertilisers, but that it has been a continuous development since the beginning of the Holocene (Proc. Natl. Acad. Sci. USA (2013), http:// dx.doi.org/10.1073/pnas.1217241110).
All of which seems to suggest that it is time we humans invested more thought in how we produce our food and made sure we can control the impact of the species we allegedly domesticated. Otherwise, an observer from outer space might come to the conclusion that the crops domesticated us. What turned you on to hearing research in the first place? When I was an undergraduate my lecturer, Chris Darwin, described an experiment by Palmer and Evans, who had found cells in the cochlear nucleus that responded to changes in sound level, even at levels where the firing rates of all the auditory nerve fibres they recorded from were saturated. I came up with some quite exotic explanations for how this could be. None of them were quite right, but I was hooked. Also, the computers and equipment we got to use for hearing and speech experiments were much more fun than those that the other students were using.
What is the best advice you've been given, and what advice would you offer someone at the start of their scientific career? The best advice I've received, from Dave Green, was "write things down". It's incredibly easy to get over-excited by an idea when you just carry it around in your head. Writing it down gives you a slightly more dispassionate view, and I often find ideas changing shape as I write. I like writing grant proposals for the same reason. As I have become more senior/senile it has the added advantage of helping remember what I thought yesterday, and what I came upstairs for.
The advice I would give is to gauge how much of the literature you should Q & A read before you start thinking about what experiment to do. At the start of one's career the biggest problem is not knowing enough, but as one progresses I think it's also possible to read too much too soon, and end up just splitting hairs. Of course, once you've decided what to do, you need to check the literature. It's part of the schizophrenic balancing act that scientists have to perform -let yourself be widely creative and slightly barking, then change out of the superman costume and criticise your experiment like the reviewer from hell. Come to think of it, that's another reason for writing down one's ideas.
Why did you choose to study cochlear implants? Two reasons. First, it gives me the chance to help people hear better. Second, because they bypass much of peripheral auditory processing, they provide a powerful tool for studying basic auditory processes. For example, we can study how the brain extracts pitch information from the temporal pattern of auditory nerve activity, by stimulating the nerve in a way that would either not be possible with acoustic stimuli, or would be complicated by the filtering and nonlinearities of the basilar membrane.
What is your favourite conference?
The Conference on Implantable Auditory Prostheses, held every two years in California. Just the best research in the field, with talks in the morning and evening separated by
